Motivation: The goal of phylostratigraphy is to infer the evolutionary origin of each gene in an organism. Currently, 2 there are no general pipelines for this task. We present an R package, phylostratr, to fill this gap, making 3 high-quality phylostratigraphic analysis accessible to non-specialists.
. Overview of phylostratr. Flow chart: 1) phylostratr creates a clade tree from the species currently represented in UniProt, based on the current NCBI tree of life. 2) It then makes a trimmed clade tree that is centered around the focal species, using an algorithm designed to maximize the evolutionary diversity of species while honoring the constraints given by the user. 3) This diversified, trimmed clade-tree is populated by the proteomes from UniProt Proteome [9] . phylostratr automatically tracks the hundreds of species and thousands of annotated proteins/species that are used in each analysis. 4) It builds a database for each proteome and 5) performs a pairwise BLAST of the focal species proteome against the proteome of each species in the clade-tree (for greater speed, this search can be run on a distributed server). 6) The "best hits" for each focal gene against each target species are found and passed to a function that 7) assigns each gene to the phylostratum associated with the deepest clade to which the gene has an inferred homolog. This entire pipeline is run automatically by phylostratr. The focal species (3702) is the only input required for the entire analysis. Alternately, the user can customize the analysis. Innovative diagnostics are available. Green boxes, R core phylostratigraphy functions. Yellow trapezoids, customizable features. Salmon boxes, final output and diagnostics. R code, customized to execute pipeline for A. thaliana: The maximum number of species to be included in each clade are specified (n=5), this number may be lower if there are not five representatives. The user may add weights to the species-selection algorithm, here we set a preference for UniProt reference species; two eukaryotic species were added to the tree (NCBI taxon IDs 4932 and 9606), and a set of 85 user-selected prokaryotic species were added. The default UniProt proteome for the focal species was replaced with a custom one 'my thaliana.faa'. An initial analysis of A. thaliana in phylostratr showed that Picea alba, the only representative of the Spermataphyta phyloclade in Uniprot, had a sparsely annotated genome; thus, the Ginkgo proteome from the 1KP project was added.
3.2 Build trimmed clade tree with high-quality representatives for each phylostratum 78 The next core function prunes the giant clade tree such that it retains only select representatives for each phylostratum. 79 To achieve this, phylostratr provides a novel algorithm that selects a diverse set of species from a tree while 80 respecting a weight vector given by the user. The user provides an initial weight for each species (by default all weights 81 are 1). phylostratr then loops through the following two steps until either all species in a phylostratum have been 82 selected or the threshold number of species is reached.
Step 1: the species with the highest weight is selected, with ties 83 resolved by depth in the tree (preferring the deeper node).
Step 2: the weights of all species are adjusted to penalize 84 relatedness to other species. The number of previously selected species descending from each node in the tree is 85 counted. A diversity score for each species is calculated by summing these counts from root to leaf. The 86 diversity-penalized weight is the initial weight divided by the diversity score. Overall, in the unweighted case, this 87 algorithm will always select the species that has the fewest internal branches in common with other selected species.
88
This selection method selects one deeply nested member from each stratum, but then prefers the more deeply rooted 89 taxa in a stratum. Assuming an ultrametric phylogenetic tree, where all leaf nodes are the same evolutionary distance 90 from the root node, more of the total evolutionary time traversed by the taxa in the stratum will be covered by selected 91 descendent taxa and few very closely related species will be selected. In short, the selected taxa will be a diverse 92 representation of the stratum. This preference for evolutionary diversity can be extended to non-ultrametric trees, by 93 computing branch length-weighted counts of selected species in step 2 of the algorithm.
94
The user may modify this sampling strategy at each step. The NCBI common tree may be replaced (all or in part) 95 with a custom tree; this is particularly important in the resolution of polytomies (unresolved lineages with multiple 96 branches from a single node), which are common in the NCBI tree ( Figure S2-4) . Also, the species sampling step can 97 be modified by altering the weights in the sampling algorithm, for example, to favor inclusion or exclusion of particular 98 species or to set a preference for the UniProt reference proteomes (as shown in the R code of Figure 1 ). The species 99 sampling step can be omitted entirely, in which case all proteomes in UniProt would be included in the analysis.
100
Our choice to limit the search space to a discrete number of proteomes is somewhat unusual. It is common practice 101 in phylostratigraphy to search for homologs in the largest database possible (usually the NCBI nr database). We 102 deviate from this convention for two reasons. First, using a discrete set of proteomes allows clear inferences not only 103 about where a gene has a homolog, but also about where it does not have one. This provides insight into the 104 evolutionary history of each gene. Second, limiting the search space reduces the chance of observing a false positive.
105
Any phylostratigraphic classification depends solely on the single most distant inferred homolog, thus it is sensitive to 106 false positives. These false positives may arise by chance or by convergent evolution (either by selection for functional 107 motifs or neutral expansion of repeats). As the number of representative species for a stratum grows, the false positive 108 chance rises while the chance that the true homolog is either missing or altered beyond recognition decreases. 109 3.3 Populate clade tree with proteome 110 phylostratr will automatically download proteomes for species that are represented in the UniProt database (third 111 core function). The user can input their own sequence data, in addition to, or in place of, the UniProt data.
112
phylostratr offers a suite of tools for diagnosing gene histories and common problems with input proteomes (discussed 113 in Section 4). For handling subsequent similarity comparisons, phylostratr creates databases from the proteome sequences. There 116 are three possible ways to partition the sequences into databases. 1) all the sequences could be placed in a single pooled 117 database; 2) sequences can be partitioned into one database per phylostratum; or, 3) each species could have its own 118 database. The partitioning approach determines how the E-value (the expected number of hits with greater or equal 119 score) is interpreted. The first way is by far most common in literature. However, we chose the third option -each 120 species having its own database -since it allows us to interpret E-values for each species without a statistical 121 dependence on other species in the analysis. The approach allows us to use sequence similarity tools other than 122 BLAST, such as HMMER [17] . Also important is that since each species has its own database, species may be added or 123 removed from the study without affecting previously computed E-values. This enables the species selection to expand Changing from a high Bonferroni cutoff (0.05) to a low cutoff (10 −5 ) results in a shift towards younger classifications that is minor for some strata, but more significant for others; assignments to the A. thaliana stratum, the orphan genes, are very robust. (C) phylostratr results versus [5] . Classifications are similar between the two studies, the most notable difference is the several thousand more genes assigned to the cellular organisms stratum by phylostratr, likely because of a more diverse representation of prokaryotic species in the current study (85 vs 5 spp.). (D) The numbers of genes that have a significant (inferred) homolog in a phylostratum (Y axis) and their closest significant homolog in a younger phylostratum (X axis). For example, 1 of the 25,714 A. thaliana genes that genes that have a homolog in the Eukaryota stratum (Y axis) has no inferred homolog in any branch until rosids (X axis). Genes far from the diagonal are likely caused by false positives or potentially by lateral gene transfer. . Homology is inferred from the similarity results. In most phylostratigraphic studies this entails selecting an E-value 141 homology threshold for a BLAST search of query protein against a pooled database of proteins from many species. All 142 hits to the query protein with E-values below the cutoff are recorded and the significant hit in the most 143 phylogenetically distant species determines the phylostratum classification. 144 We frame the phylostratigraphy challenge in a hypothesis framework that more closely fits the structure of the 145 problem. Specifically, we want to test the hypothesis that a query gene has a homolog in a given phylostratum. In order 146 to achieve this, we convert each E-value of the query gene against each target species to a p-value, adjust the p-values 147 for multiple testing, and then return the most significant hit in each phylostratum. The default p-value adjustment 148 method is the Holm method, though we use the more stringent Bonferroni method in our case studies. The reason we 149 use Bonferroni in our case studies, is to more easily compare to past results based on pooled BLAST databases, which 150 implicitly perform a Bonferroni correction. We compare results from Bonferroni versus Holm method in (Figure 2A) .
151
Classifications into phylostrata are often quite robust against cutoff choice. For example, only 9.8% of the genes 152 classified as orphan, A. thaliana-specific, under the 10 −5 cutoff were classified into an older stratum when the cutoff 153 was changed to 0.01. Other strata show larger changes, for example, 53 out of 78 of the genes tracing to the malvids 154 stratum using a cutoff of 0.05 are assigned to the next-youngest stratum, Brassicaceae, if the cutoff lowered to (10 −5 ) 155 (see Figure 2 ). This shows that most assignments to the malvids were based on fairly weak evidence.
156
This approach accounts for the differences in the number of species sampled from each phylostratum. This simplifies 157 inter-study comparisons, and especially meta-analyses across evolutionary clades, which will become more important as 158 we get better tools and more sequence data. A limitation of the approach, and one that is shared in all other 159 BLAST-based phylostratigraphy analyses, is the assumption that the highest similarity scores for a focal species gene 160 against the species of a phylostratum are independent. Considering dependencies is a problem grounded in gene 161 evolution that is beyond the scope of this paper.
162
Homology could be inferred from data other than, or in addition to, the BLAST E-value. For example, the degree of 163 sequence coverage (the percent of the query sequence that is covered by the alignment) could be incorporated into the 164 homology decision. The user may provide a classifier function to customize this behavior. Given the location of inferred homologs across the phylogenetic tree, the phylostrata for each gene can be determined.
167
In conventional phylostratigraphy, and in phylostratr currently, each gene is assigned to the most evolutionarily 168 distant phylostratum that contains an inferred homolog. Alternatives approaches are explored in [24] . (Figure 1) . Diagnostics include protein quality assessment (Table S1) , 172 organelle genome checking ( Table 2) , heat maps of inference methods and of skipped clades We used phylostratr for phylostratigraphic analyses of all annotated genes in two test cases: Arabidopsis thaliana and 176 Saccharomyces cerevisiae. In both case studies, to illustrate diagnostic features of phylostratr, we intentionally 177 retained a few species with low quality nuclear or organelle gene annotations. For A. thaliana, the diagnostics from an 178 initial analysis enabled us to quickly realize that we needed a second iterations with expanded protein sequence data 179 (see R code of Figure 1) . The full R scripts and diagnostic output for each case study are included in the We compare the phylostratr results for A. thaliana to those from an earlier study in 2014 [5] ( Table 1) . A more in 183 depth comparison is shown in the phylostratr diagnostic of Figure 2C , which maps how gene assignments changed 184 between the studies. This figure reveals that the relatively large differences between studies seen in the table are due 185 mostly to transitions of assignments to closely-related strata.
186
The major difference between the studies is the selection of species in the search space. The 2014 study used a 187 manually-curated selection of representative species and a 10 −5 E-value cutoff for hits against independent proteome 188 databases. The current study uses automatically-selected UniProt proteomes, supplemented with a Ginkgo proteome, 189 and a 10 −5 nested, adjusted p-value cutoff. The 2014 study used the TAIR10 annotation of A. thaliana, whereas the 190 current study uses Araport11 [25] . To account for the annotation differences, we used only the gene models common to 191 both annotations. Also, we only compared the common strata. For example, the Brassicales branch was represented 192 only in the 2014 study, so for the comparison, all its members were merged back into the more recent Brassicaceae 193 branch.
194
In general, the phylostratigraphic classifications were similar in both studies. The differences are likely 195 predominantly due to two factors: the expansion of the number of species included in the phylostratr study (85 196 prokaryotes versus 12) and, the increased quality and annotations of genomes in 2018 compared to 2013. Thus, several 197 thousand more genes were traced back to an earlier origin by the phylostratr analysis.
198
There are three main advantages of using phylostratr for this analysis. First, the use of phylostratr removes the 199 time-consuming manual step. Second, using phylostratr enables a researcher access to a range of detailed diagnostic 200 plots, this can be valuable for the original researcher, or to a researcher who is comparing her results to the present 201 study. Third, the phylostratr study is completely reproducible. For the A. thaliana case study, we used the default NCBI common tree and UniProt proteomes for the target search 204 space. We set a preference for reference proteomes (weight of 1.1) and designated a maximum of five representatives 205 per phylostratum using the algorithm explained in Section 3.1. From the 1269 eukaryotic proteomes first retrieved in 206 in UniProt, we filtered out a diverse set of 45 proteomes. We added human and S. cerevesiae genomes, because they 207 are highly curated. After looking at the diagnostic plots from an initial run, we noted that the genome of the single 208 representation of the Spermatophyta stratum in NCBI (Picea glauca) was sparsely annotated. To obviate this 209 under-annotation, we added the transcriptome of the Spermatophyte Ginkgo biloba from the 1KP project [26] [27] [28] [29] to the 210 target search space.
211
The S. cerevisiae case study had the challenge that the genus node of the NCBI common tree for Saccharomyces 212 was the immediate parent of around 100 species. To resolve differences between the species, we replace this branch with 213 our own custom tree ( Figure S1) . The remainder of the study was similar to the A. thaliana case. Figure 3 . phylostratr gene by clade tree-heat map for Saccharomyces cerevisiae. The heat map shows the degree of similarly of each focal species gene (far left column) to that of its closest homolog in each species of the clade tree. Proteins encoded by consecutive S. cereviciae genes (NM 001178687.1 -NM 001178743.1), sorted by phylostratum membership, are compared to those of genomes of 132 species. The designated phylostratum membership (1-15) is indicated on the far left. Orange wedge: This gene has homologs in the fungal phylostrata, but not in other eukaryotes, and also has bacterial homologs; it is potentially associated with a horizontal transfer event. Magenta wedge: this gene is present in eukaryotes and archeae but not in bacteria. Black arrow: The nine "missing" homologs in S. arboricola could be due to an incomplete genome annotation or a biological phenomenon such as a rapidly evolving genome or massive gene loss; the statistics for the S. arboricola genome assembly at NCBI support the former explanation. This plot was built with ggtree [15] and annotated with Inkscape. For both case studies, we selected a diverse set of 85 prokaryotic species, comprised of one species from each class of 215 Bacteria and Archaea, sampled at random from the UniProt reference proteomes. Despite this sampling of prokaryotes, 216 the diversity of the prokaryotes genomes is so great, their content so fluid, and their sequence so highly divergent from 217 the eukaryotic focal species, that some genes with a prokaryotic origin will likely be missed. As noted in Section 3.5, 218 using a more sensitive tool, such as HMMER, would be more suitable for very deep (eukaryote to prokaryote) similarity 219 search. phylostratr provides functions that summarize and visualize proteome statistics. These can be used as another way to 222 diagnose irregularities in proteome qualities. For example, in the S. cerevisiae study, the proteome of the primate Pan 223 paniscus (a bonobo) is annotated as having only 802 genes ( Table S7 ). The median protein length of 181 amino acids, 224 is also far below that of the other species in the phylostratum. This suggests the genome is incomplete, poorly 225 sequenced or poorly annotated and should not be included in the study.
226
For UniProt proteomes, phylostratr can determine which genes are encoded on organelle genomes. This 227 information is particularly important in the phylostratigraphy of plant species, in which organelle genomes are large 228 and, unfortunately, are often missing from the proteomes cataloged in UniProt. If the focal species contains organelle 229 genomes, but the targets do not, the organelle genes can appear to be younger than they actually are. Further 230 compounding this paucity of organellar proteomes, is the flux of genes from plastid to nuclear genomes. Genes that are 231 transferred to the nuclear genome from the plastid genome, will appear to be young if chloroplast genomes are missing 232 in the more ancient species that are part of the phylostratigraphic analysis. In the A. thaliana study, 19 of the 41 plant 233 proteomes appear to be missing most or all mitochondrial sequences (see Table 2 and Table S2 ). The phylostratr default parameters were used for the BLAST and homology inference in both case studies. 236 phylostratr provides graphical diagnostics from the similarity data (Figure 3) . Protein diagnostics for this species 237 (discussed in Section 4.3), which show S. arboricola has about a third fewer annotated proteins than the other species 238 in the genus. Thus, in a subsequent analysis, we might want to remove this species and substitute another with a better 239 annotated genome.
240
A gene by clade tree-heat map enables the user to quickly explore the scores of individual genes across target 241 species. For the S. cerevisiae phylostratr analysis, one page of this diagnostic is show in Figure 3 ). From these 242 graphics, we can quickly see irregularities in the input data on a gene by gene basis. For example, the Pan paniscus 243 genome shows a similarity to only one of the genes on this page of diagnostics: NM 001178721.1, which is a highly 244 canonical serine/threonine-protein kinase, HAL4/SAT4.
245
The heatmaps can also be used to flag candidate genes for further investigation ( Figure 3B) . A researcher can 246 quickly compare phylostratigraphic profiles across many genes to discover potential cases of horizontal transfer [30] [31] [32] , 247 gene loss, or other confounding histories. For example, a gene present only in a narrow eukaryotic clade, but with 248 prokaryotic homologs, would be reported as a member of the phylostratum "cellular organisms". However, the heatmap 249 would reveal this gene as a candidate for horizontal transfer from a prokaryote prior to the speciation event leading to 250 the eukaryotic clade in which it is found (an example is shown in Figure 3 ). Another approach to detect genes with irregular phylostratigraphic profiles is to find genes that "skip" strata (have no 253 homologs in several intermediate strata, but do have homologs in more basal strata). These are summarized for A.
254
thaliana (Table S4 ) and S. cerevisiae (Table S9 ). Technical or biological factors could explain this phenomenon.
255
Genes that skip a stratum could result from poor quality data across all representatives of the stratum. For example, 256 10 of the 13 mitochondrial genes annotated in S. cerevisiae skip 4 or more strata; this is simply due to absence of 257 mitochondrial genomes in many target genomes. Strata may also be skipped because of false positives, such as a 258 non-specific match to a repetitive region. Alternatively, there could be a biological explanation, for example, multiple 259 deletion events or a horizontal gene transfer.
260 Figure 2D is a diagnostic that visualizes the genes assigned to a given stratum and shows their next significant hit 261 in the stratum. About 78 percent of the genes of the focal species A. thaliana have inferred homologs in a given strata, 262 and then in each of the more closely-related strata. This can be seen from the genes indicated in the boxes on the 263 diagonal; genes represented on the diagonal are those where no phylostratum is "skipped". For example, 25204 A.
264
thaliana genes have homologs within Eukaryota, and their next closest homolog is in the next youngest strata,
265
Viridiplantae.
266
Genes represented in cells off the diagonal indicate cases where a deeper stratum has an inferred homolog, but 267 adjacent shallower branches do not. About 25% of the genes in the A. thaliana study "skip" strata, i.e., have no 268 inferred homolog in the next-youngest strata. For example, five genes have significant hits within Eukaryota and 269 Brassicaceae strata, but have no inferred homologs in the intermediate strata. This could imply that either the ancient 270 inferred homologs are false positives, the intermediate genomes are incomplete, or that the genes that skip phylostrata 271 were laterally transferred to the ancestor of the Brassicaceae family. Lateral transfer is an especially interesting case, as 272 seen in the 1487 genes assigned to cellular organisms that skip Eukaryota, and whose next significant hits are in 273 Viridiplantae. These genes are predominantly associated with photosynthesis and presumably result from the major 274 endosymbiotic event by which a Viridiplantae ancestor acquired chloroplasts. The output of phylostratr can serve as the foundation for more specialized phylostratigraphic analyses. For example, 277 the age estimates from phylostratr can be passed to the myTAI R package [33] , and used to explore the transcriptomic 278 "hourglass" developmental patterns. More generally, all the BLAST results, and all sequence data, can be trivially
